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We present scanning tunneling spectroscopic and high-eld thermodynamic studies of
hole- and electron-doped (p- and n-type) cuprate supercond uctors. Our experimental
results are consistent with the notion that the ground state  of cuprates is in proximity to
a quantum critical point (QCP) that separates a pure superco nducting (SC) phase from
a phase comprised of coexisting SC and a competing order, and the competing order is
likely a spin-density wave (SDW). The e ect of applied magne tic eld, tunneling current,
and disorder on the revelation of competing orders and on the low-energy excitations of
the cuprates is discussed.
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1. Introduction

There has been emerging consensus that the existence of coetimg orderst%2 in the
ground state of cuprate superconductors is likely responbie for a variety of non-
universal phenomena such as the pairing symmetry, pseudoga commensuration
of the low-energy spin excitations, and the spectral homogeeity of quasiparticle
spectra®>67 Among probable competing orders such as the spin-density was
(SDW), 89 charge-density waves (CDW)10 stripes2 and the staggered- ux phase!!
the dominant competing order and its interplay with superconductivity (SC) remain
not well understood. In this work, we report experimental investigation of these
issues via quasiparticle spectroscopic and high- eld themodynamic studies. We
compare our results with a conjecture that cuprate supercoductivity occurs near a
quantum critical point (QCP) 212 that separates a pure SC phase from a phase with
coexisting SC and SDW?&° The scenario of SDW as the relevant competing order
can be rationalized by the proximity of cuprate SC to the Mott antiferromagnetism,
and also by experimental evidence for spin uctuations in the SC state of various
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cuprates13:14:15:16 possible relevance of SDW in the cuprates to the occurrencefo
strong quantum uctuations and the pseudogap phenomenon wi be discussed.

2. Competing Orders and Quantum Criticality

We consider a conjecture of competing SDW and SC near a non-iversal QCP at
= .2 where isa material-dependent parameter that may represent the dping
level, the electronic anisotropy, spin correlation, orbital ordering, or the degree of
disorder for a given family of cuprates. As schematically ilustrated in Fig. 1(a),
in the absence of magnetic eldH, the ground state consists of a pure SC phase
if ¢< < 2, a pure SDW phase if < 1, and a SDW/SC coexisting state if
1 < < . Upon applying magnetic eld, delocalized spin uctuations can be
induced due to magnetic scattering from excitons around votex cores, eventually
leading to the occurrence of SDW coexisting with SC for eldssatisfyingH ( ) <
H < H c( ) if the cuprate is su ciently close to the QCP, & and H, is the upper
critical eld. In general we expect stronger quantum uctua tions of the SC order
parameter in the SDW/SC phase than in the pure SC phase becaws of excess
low-energy excitations associated with the competing SDW.In principle such a
di erence between coexisting SDW/SC and pure SC phases candomanifested in the
eld dependence of the thermodynamic properties of the cupates at T ! 0. That
is, the proximity of a cuprate to the QCP at . can be estimated by determining
a characteristic eld H using thermodynamic measurements atT ! 0, and a
smaller magnitude of H =HZ) would indicate a closer proximity to . if > ¢,
where HZ, denotes the upper critical eld of a given sample atT = 0. In contrast,
for a cuprate superconductor with 1 < < ¢, we nd H =0 so that SDW
coexists with SC even in the absence of external elds, impling gapless SDW
excitations (i.e. spw = 0) and strong excess uctuations in the SC state. Thus,
the thermodynamic quantity h (H =HY) for a given cuprate is expected to
re ect its susceptibility to low-energy excitations and it s SC sti ness, which can
be con rmed via studies of the quasiparticle spectra taken vith a low-temperature

scanning tunneling microscope (STM).

3. Experimental Approach and Results

To investigate the conjecture outlined above, we employ in his work measurements
of the penetration depth (T;H), magnetization M (T;H), and third-harmonic
susceptibility 3(T;H) on dierent cuprates to determine the irreversibility el d
Hir (T) and the upper critical eld Hc(T). The degree of quantum uctuations in
each sample is then estimated by the ratich (H =HY), where the characteristic
eld H isdenedasH Hir (T ! 0). The magnitude ofh for di erent cuprates
is determined and compared with the corresponding quasipdicle spectra.

Speci cally, the experiments results reported in this work consist of studies on
the n-type optimally doped in nite-layer cuprate La ¢.1Sro.oCuO, (La-112, T, =
43 K) and one-layer Nd;.g5Cep.15CuO,4  (NCCO, T, = 21 K); and the p-type
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Fig. 1. Phase diagrams of cuprate superconductors based on t he conjecture of competing SDW
and SC:8 (a) Reduced eld ( H=H 82) vs. material parameter () phase diagram at T = 0. Here
h () H( ):ng denotes the phase boundary that separates a pure SC phase fro m a coexisting
SDWI/SC phase. The points along h represent the reduced irreversibility elds, Hijy (T ! 0)=Hé’2
obtained from data taken on Y-123 17:18 PCCO (NCCO) 19:20 Bj-221221 La-11222, and Hg-1234.
(b) Comparison of the reduced irreversibility elds (solid lines) and upper critical elds (dashed

lines) vs. reduced temperature ( T=T.) phase diagram for Hg-1234, La-112, Bi-2212, NCCO, and

Y-123 with H k ab-plane, so that the corresponding Hé’z is limited by the paramagnetic eld Hyp.

optimally doped HgBa,CazCusOx (Hg-1234,T. = 125 K) and YBa,Cuz07 (Y-
123, T, = 93 K). Results obtained by other groups on p-type underdopeal Y-123
(Tc = 87 K), *® over- and optimally doped Bi,Sr,CaCu,Og:x (Bi-2212, T, = 60
K and 93 K)2%23; and n-type optimally doped Pri.gsCey.15sCuO,; (PCCO, T¢ =
21 K),?° are also included for comparison. The optimally doped samg@s of La-
112 and Hg-1234 were prepared under high pressures, with dels of the synthesis
and characterizations described elsewher&:2526 Detailed physical properties of the
optimally doped Y-123 single crystal’ and NCCO epitaxial thin-Im ° have also
been given elsewhere.

The M (T;H) measurements were conducted in lower DC elds using a Quan-
tum Design SQUID magnetometer at Caltech, and in high magneic elds (up to 50
Tesla in a ®He refrigerator) using a compensated coil in the pulsed- el facilities at
the National High Magnetic Field Laboratory (NHMFL) in Los A lamos. The irre-
versibility eld Hj, (T) was identi ed from the onset of reversibility in the M (T;H)
loops, as exempli ed in the inset of Fig. 2(a) for La-112 and i the main panel of
Fig. 2(b) for Hg-1234. The penetration depths of La-112 and -1234 were deter-
mined in pulsed elds up to 65 Tesla by measuring the frequeng shift f of a tunnel
diode oscillator (TDO) resonant tank circuit with the sampl e contained in one of the
component inductors?’ Small changes in the resonant frequency can be related to
changes in the penetration depth by = T—Z% whereR is the radius of the
coil and rs is the radius of the sample?’ In our case,R  rg = 0:7 mm and the ref-
erence frequencyfy 60 MHz suchthat f  (0.16 MHz/ m) . Further details
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for the pulsed- eld measurements of La-112 can be found in Re??. Third-harmonic
magnetic susceptibility 3(T;H) measurements were also performed on Hg-1234
sample using a 9-Tesla DC magnet and Hall probe technique®. The 3(T;H) data
measured the non-linear response of the sample and were tlefore sensitive to the
occurrence of phase transformatiort®

Selected data of these thermodynamic measurements of La-2land Hg-1234 are
shown in Figs. 2(a)-(b), and a collection of measured 2° (T) and HZ(T) curves for
various cuprates are summarized in Fig. 1(b), with the redued characteristic elds
(h ) of several representative cuprates explicitly given in Fg.1(a). We note that the
Hg-1234 sample, while having the highest. and upper critical eld (estimated at
Hp H2 500 Tesla) among all cuprates shown lSmere, has the lowest reded
irreversibility line ( H& (T)=Hp), where Hp 9.=(" 2 g) is the paramagnetic
eld, and 2. denotes the superconducting gap afl = 0. The low irreversibility
eld is not only due to the extreme two-dimensionality (2D) of Hg-1234° that
leads to strong thermal uctuations at high temperatures, but also due to its close
proximity to the QCP, yielding strong eld-induced quantum uctuations at low
temperatures.

Fig. 2. (a) Main panel: selected data for changes in the reson ant frequency f of the TDO
tank circuit relative to the normal state of La-112 as a funct ion of H at various T. The
estimated Hc, values for H k ab-plane, Hg‘g(T), are indicated by arrows. Similar measure-
ments on a grain-aligned La-112 sample have also been perfor med (not shown), which yield
HS(T). Inset: M (T;H)-vs.-H data on La-112 for T = 1:65 and 4.0 K, where the irreversibil-
ity eld HfﬁP (T) are indicated by arrows. 22 (b) Main panel: representative zero- eld-cooled (ZFC)

and eld-cooled (FC) M (T;H)-vs.-T data of Hg-1234 taken at H = 3:5 and 4.9 Tesla, with
the corresponding irreversibility temperature Tiﬁb (H) indicated by arrows, using the criterion

iMzec (Tir ;H)  Mec (T sH)JSIM(T U O;H !t 0)j 1:5%. Inset: Representative third-
harmonic susceptibility 28 j 3(T;H)j data for Hg-1234 sample taken at 5 and 6 Tesla, with the

corresponding Tirarb (H) indicated by arrows.

To further evaluate our conjecture that cuprates with smaller h are in closer
proximity to a QCP at . and are therefore associated with a smaller SDW gap
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spw and stronger SC uctuations, we examine the SC energy gap sc (T) and the
quasiparticle low-energy excitations of di erent cuprates. In Fig. 3(a), we compare
the sc(T) data of La-112, taken with our low-temperature scanning tunneling
microscope (STM), with those of Bi-2212 and PCCO obtained fom intrinsic tunnel
junctions?® and grain-boundary junctions,?® respectively. Noting that the h values
are  0:53 for PCCO (NCCO), 0:45 for Bi-2212, and 0:24 for La-112, we
nd that the rate of decrease in gc with T also follows the same trend. These
dierencesin sc(T) cannot be attributed to di erent pairing symmetries, beca use
La-112 is consistent with s-wave pairing symmetry,” NCCO (PCCO) can exhibit
s-wave?® or d-wave pairing,>® depending on both the cation and oxygen doping
levels3t32 and Bi-2212 is d-wave pairing.33343% Therefore, the sharp contrast in
the sc(T) data between La-112 and NCCO (PCCO) suggests that the proxinity
to the QCP at . plays an important role in determining the low-energy excitations
of the cuprates. These experimental ndings have been furtler corroborated by
recent t-t%U-V model calculations®® for optimally doped p-type cuprates, which
demonstrate that the competing order SDW can appear with inaeasing temperature
even though > .atT =0.

Another experimental con rmation for our conjecture can be found in the quasi-
particle tunneling spectra exemplied in Fig. 3(b). We nd t hat excess sub-gap
spectral weight exists in La-112, although the quasipartite spectra of La-112 are
momentum-independent and its response to quantum impurites is consistent with
s-wave pairing.%7:3” The excess sub-gap spectral weight relative to the BCS pre-
diction implies excess low-energy excitations that cannobe reconciled with simple
quasiparticle excitations from a pure SC state, and is theréore strongly suggestive
of the presence of a competing order with an additional chanel of low-energy exci-
tations. In contrast, substantial details of the quasiparticle spectrum on optimally
doped Y-123 (for quasiparticle energiegEj up to > sc) can be explained by
the generalized BTK theory,> 38 implying that the spectral contribution due to the
competing order is insigni cant up to jEj sc. This nding is in agreement
with a much larger h value for Y-123 than for La-112, and therefore much weaker
quantum uctuations in the former.

A further veri cation for the closer proximity of La-112tot he QCP than Y-123
is manifested in Figs. 4(a)-(b), where the quasiparticle tinneling spectra of La-112
are found to be dependent on the tunneling currentl . For lower tunneling currents,
we nd that the coherence peaks atE = sc are systematically suppressed by
increasingl without changing the sc value. The coherence peaks eventually van-
ish while additional features at higher energies begin to emrge. Finally, in the
large current limit, pseudogap-like features appear afEj PG > sc, as illus-
trated in Fig. 4(a). More detailed evolution of the superconducting and pseudogap
features with | is summarized in Fig. 4(b). We also notice that the magnitude of

sc determined under smaller tunneling currents is highly spatally homogeneous,
whereas the pg value appears to vary signi cantly from one location to another.



August 4, 2004

6 N.-C. Yeh et al.

Fig. 3. (a) Comparison of the temperature ( T) dependence of the normalized superconducting
energy gap, [ sc(T)= 2.1, for NCCO (PCCO), 2° Bi-2212,2% and La-112. (b) Main panel: com-
parison of the normalized quasiparticle spectrum of La-112 (points), obtained using a STM at
T = 4:2 K, with the best BCS tting (solid line), showing excess sub -gap and reduced post-
gap spectral weight. Inset: comparison of the normalized c- axis quasiparticle tunneling spectrum
(points) of Y-123, taken using a STM at 4.2 K, with the general ized BTK tting %38 for d,2 y2-
wave superconductors (solid line). We note quality agreeme nt between the generalized BTK tting
and data up to jEj sC -

We suggest two e ects associated with increasing tunnelingcurrent |: First, the
localized high current density under the STM tip can e ectively suppress the SC
order parameter and therefore reduce . Second, the magnetic eld induced by the
localized high current density can also assist the evolutio from an initial SC phase
with > ¢ into the coexisting SDW/SC state with increasing |. The current-
induced SDW can be manifested in the DC tunneling spectrum tlough coupling of
the SDW order parameter to disorder3® Hence, the resulting quasiparticle spectrum
under large tunneling currents contains convoluted spectal information of SDW,
SC, and the disorder potential, thus it can be spatially inhomogeneous. In contrast,
for optimally doped Y-123, no noticeable spectral variatim was found with tun-
neling currents in the same range as that used for studying Lal12. This nding
is again consistent with our conjecture that Y-123 is farthe from the QCP than
La-112, so that it is more di cult to induce SDW in Y-123.

4. Disorder E ect on Quasiparticle Spectra and Pseudogap

Next, we investigate the e ect of disorder on the scenario dpicted in Fig. 1(a).
Generally speaking, disorder reduces the SC stiness and tals to shift closer
to . if initially > .12 Therefore one can envision spatially varying values
in a sample if the disorder potential is spatially inhomogereous. In particular, for
strongly 2D cuprates like Bi-2212 and Hg-1234, disorder cahelp pin the uctuating

SDW locally,*® so that regions with the disorder-pinned SDW can coexist wih
SC, as schematically illustrated in Fig. 5(a). These randonty distributed regions
of pinned SDW are scattering sites for quasiparticles atT < T. and for normal
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Fig. 4. (a) Evolution of the normalized quasiparticle tunne  ling spectrum of La-112 with increasing
tunneling current |, taken at 4.2 K. (b) Evolution of sc and pg of La-112 with |, as determined
from the quasiparticle tunneling spectra.

carriers at T > T, provided that the SDW persists aboveT;. We have performed
numerical calculations for the quasiparticle local densiy of states (LDOS) of a 2D
d-wave superconductor to examine these related issué$.We have considered two
scenarios: one assumes that the ground state of the 2B-wave cuprate is a pure
SC with random point defects, and the other assumes that randmly pinned SDW
regions coexist with SC atT  T.. Using the Green's function techniques detailed
in Ref.**, we nd that the quasiparticle interference spectra for SC mexisting with a
disorder-pinned SDW di er fundamentally from those due to pure SC with random
point disorder. A representative real-space map of the qudparticle LDOS, for a 2D
dy> y2-wave superconductor with 24 randomly distributed pinned SDW regions in
an area of (400 400) unit cells, is shown in Fig. 5(b). The Fourier transformation
(FT) of the LDOS is illustrated in Fig. 5(c) for a pure SC with r andom point disorder
at T =0, in Fig. 5(d) for the FT-LDOS of pinned SDW at T =0, and in Fig. 5(e)
for the FT-LDOS of pinned SDW at T = T.. We note that the superposition of the
FT-LDOS in Figs. 5(c) and 5(d) is consistent with experimental observation on a
slightly underdoped Bi-2212 at T T¢,***3 whereas the FT-LDOS in Fig. 5(e) is
consistent with experimental observation on a similar sampe at T > T..** These
ndings suggest that a disorder-pinned SDW coexists with SCin Bi-2212 at low
temperatures, and that only the SDW persists aboveT..** These studies therefore
demonstrate the signi cant role of competing orders in detemining the physical
properties of cuprate superconductors. Moreover, disordepinned collective modes
such as SDW can naturally account for the strong spatial inhanogeneity observed
in the quasiparticle spectra of Bi-2212546 and are also likely responsible for the
pseudogap phenomendt above T, in under- and optimally doped p-type cuprates.
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Fig. 5. (a) Schematic illustration of randomly distributed disorder-pinned SDW regions in a
2D superconductor. (b) Quasiparticle LDOS for the scenario  depicted in (a), for a d,2 ,2-wave
superconductor at T = 0, with a SC gap sc = 40 meV and the quasiparticle energy E = 24
meV. (c) Quasiparticle FT-LDOS in the rst Brillouin zone of a 2D d,> y2-wave superconductor
with random point defects at T = 0. (d) The FT-LDOS of Part (b) in the rst Brillouin zone at

T =0. (e) The FT-LDOS of Part (b) at T = Tc. More details are given in Ref. 41.

5. Discussion

The experimental results presented in the previous sectiomare generally consistent
with the notion that signi cant quantum uctuations can be i nduced by a magnetic
eld in all cuprate superconductors, and that the degree of &cess low-energy exci-
tations can be correlated with the proximity of the cuprates to a QCP. However, to
further our understanding, systematic studies of more cupates will be necessary. In
particular, neutron scattering studies will be important f or determining the SDW
gaps of di erent cuprates. It is also imperative to examine the correlation between
the low-temperature high- eld phase diagram and the low-erergy excitations of dif-
ferent cuprates through quasiparticle spectroscopic stuiks. For instance, quasipar-
ticle tunneling spectroscopic studies of the highly 2D Hg-234 can substantiate our
conjecture if the following can be veried: (1) sc(T) decreases more rapidly with
T than other p-type cuprates with larger values of h ; (2) the quasiparticle DOS
exhibits strong spatial variation below T, similar to Bi-2212; (3) excess sub-gap
DOS than the BTK prediction exists because of the relativelysmaller spw that
provides an additional channel of low-energy excitationsand (4) strong quasipar-
ticle spectral dependence on the tunneling current. Simildy, determination of the
characteristic eld h as a function of impurity concentration can provide further
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veri cation for our conjecture that h varies with increasing disorder.

Despite consensus for the existence of competing orders iné ground state
of the cuprates, whether SDW is the dominant competing orderis yet to be fur-
ther veri ed. For instance, we note that certain experimental consequences (such
as the quasiparticle spectra) due to a disorder-pinned SDW annot be trivially dis-
tinguished from a disorder-pinned CDW in tetragonal cuprates. Therefore neutron
scattering studies will be necessary to distinguish betweethese two competing or-
ders. As for the staggered ux phase, unit-cell doubling fedures for the quasiparticle
LDOS along the CuO, bonds must be demonstrated around a vortex core if the
staggered ux phase is a relevant competing ordet! Finally, the most important
issue remaining to be addressed in the studies of competingaders and quantum
criticality is to investigate possible correlation between the existence of competing
orders and the occurrence of cuprates superconductivity.

6. Summary

In summary, we have investigated the quasiparticle tunnelng spectra and the ther-
modynamic high- eld phase diagrams of various electron- ad hole-doped cuprate
superconductors. The experimental data reveal signi cantmagnetic eld-induced
quantum uctuations in all cuprate superconductors, and the degree of quantum
uctuations appears to correlate well with the magnitude of excess low-energy exci-
tations as the result of competing orders in the ground state Moreover, our experi-
mental results support the notion that the ground state of cuprates is in proximity
to a QCP separating pure SC from coexisting SC/SDW, and our treoretical analysis
further suggests that disorder-pinned uctuating SDW can have signi cant e ect on
the LDOS of highly 2D cuprates. Additionally, the persistence of disorder-pinned
SDW above T, may be accountable for the pseudogap phenomenon observedtime
spectroscopic studies of highly 2D hole-doped cuprates.

Acknowledgments

The work at Caltech is supported by the National Science Fouwlation through

Grants #DMR-0405088 and #DMR-0103045, and at the Pohang University by

the Ministry of Science and Technology of Korea through the CQeative Research
Initiative Program. The pulsed- eld experiments were performed at the National

High Magnetic Field Laboratory facilities in the Los Alamos National Laboratory

under the support of the National Science Foundation.

References

S.-C. Zhang, Science 275, 1089 (1997).

S. Sachdev,Rev. Mod. Phys. 75, 913 (2003).

S. A. Kivelson et al., Rev. Mod. Phys. 75, 1201 (2003).

N.-C. Yeh, Bulletin of Assoc. Asia Paci c Phys. Soc. 12, 2 (2002); cond-mat/0210656.
N.-C. Yeh et al., Phys. Rev. Lett., 87, 087003 (2001).

arwNE



August 4, 2004

10

6

7

8.
9

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.

N.-C. Yeh et al.

. N.-C. Yeh et al., Physica C 367, 174 (2002).
. C.-T. Chen et al., Phys. Rev. Lett. 88, 227002 (2002).

E. Demler, S. Sachdev and Y. Zhang, Phys. Rev. Lett. 87, 067202 (2001).

. Y. Chen, H.-Y. Chen and C. S. Ting, Phys. Rev. B 66, 104501 (2002).

D.-H. Lee, Phys. Rev. Lett. 88, 227003 (2002).

J. Kishine, P. A. Lee and X.-G. Wen, Phys. Rev. Lett. 86, 5365 (2001).
M. Vojta, Y. Zhang and S. Sachdev Phys. Rev. B 62, 6721 (2000).
B. O. Wells et al., Science 277, 1067 (1997).

B. Lake et al., Science 291, 1759 (2001).

H. A. Mook et al., Phys. Rev. Lett. 88, 097004 (2002).

K. Yamada et al., Phys. Rev. Lett. 90, 137004 (2003).

N.-C. Yeh et al., Phys. Rev. B 47, 6146 (1993).

J. L. O'Brien et al., Phys. Rev. B 61, 1584 (2000).

N.-C. Yeh et al., Phys. Rev. B 45, 5710 (1992).

S. Klee sch et al., Phys. Rev. B 63, 100507 (2001).

L. Krusin-Elbaum et al., Phys. Rev. Lett. 92, 097004 (2004).

V. S. Zapf et al., submitted to Phys. Rev. B (2004); cond-mat/0405072.
V. M. Krasnov et al., Phys. Rev. Lett. 84, 5860 (2000).

C. U. Jung et al., Physica C 366, 299 (2002).

M.-S. Kim et al., Phys. Rev. B 57, 6121 (1998).

M.-S. Kim et al., Phys. Rev. B 63, 134513 (2001).

C. Mielke et al., J. Phys.: Condens. Matter 13, 8325 (2001).

D. S. Reedet al., Phys. Rev. B 51, 16448 (1995).

L. Al et al., Phys. Rev. Lett. 83, 2644 (1999).

C. C. Tsuei and J. Kirtley, Phys. Rev. Lett. 85, 182 (2000).

J. A. Skinta et al., Phys. Rev. Lett. 88, 207005 (2002).

A. Biswas et al., Phys. Rev. Lett. 88, 207004 (2002).

Ch. Renner et al., Phys. Rev. Lett. 80, 149 (1998).

S. H. Pan et al., Nature 403, 746 (2000).

E. W. Hudson et al., Nature 411, 920 (2001).

H.-Y. Chen and C. S. Ting, cond-mat/0405524 (2004).

N.-C. Yeh et al., J. Low Temp. Phys. 131 435 (2003).

J. Y. T.Wei et al.,, Phys. Rev. Lett. 81, 2542 (1998).

. Polkovnikov, M. Vojta, and S. Sachdev, Phys. Rev. B 65, 220509 (R) (2002).
.-C. Yeh and C.-T. Chen, Int. J. Mod. Phys. B 17 3575 (2003).
.-T. Chen and N.-C. Yeh, Phys. Rev. B 68, 220505(R)(2003).

E. Homan et al., Science297, 1148 (2002).

. McElroy et al., Nature 422, 592 (2003).

. Vershinin et al., Science 303, 1995 (2004).

. H. Pan et al., Nature 413, 282 (2001).

. M. Lang et al., Nature 415, 412 (2002).

Timusk and B. Statt, Rep. Prog. Phys. 62, 61 (1999).

XN X~02Z2>



